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/; ABSTRACT

;

e

The Arizona Monsoon Boundary 1s defined as the
boundary separating two distinctly different alir
masses over Mexico, the southwestern United States, -
and the adjacent Pacific during the summer. -Fhe ™ 7°
structure and dynamics of fhis boﬁndary>hre examined
by cross-sectional analysis usingithreehdifferent data
sources: 1) a time-height cross section, constructed
using radiosonde observations, at the time the
boundary initially passed through Tucson in 1984; 2) a
composite cross section through the boundary,
constructed from the Fleet Numerical Oceanography
Center-analysis; and 3) a cross section through the
toundary using high-resolution fields of temperature,
molsture, and geopotential height obtained from the
VISSR Atmospheric Sounder (VAS). All-threq;cross
sections showed simila; structure.

In some respects,;éhe Arizona monsoon -boundary
resembles a mid-latitude front with a distinct and
relatively sharp air mass change across the boundary,

forced almost entirely by confluence. A direct

ageostrophic circulation 1s produced by this forcing,
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giving weak ascent on the warm, moist side of the
boundary. &hefgradients and flow assoclated with the
composite boundéry are weaker, by a factor of/four,
than those associated with strong mid-latitude fronts.
However, the VAS cross section suggests that, at
times, the strength of the boundary approaches that of
middle-latitude fronts. The wind shear suggested by
the composite boundary ought to be unstable to
baroclinic or barotropic processes. Disturbances
developing along the boundary have been observed.

One example of such a disturbance 1s examined :,';:
using GOES imagery, lightning strike data, cloud tracﬁ'
winds, and VAS data. Satellite images show the
disturbance resembling a mid-latitude occluded
cyclone, with an apparent low pressure center over
northern Baja California and front-like cloud features
extending eastward and southward from the low.
Lightning strike data show convective activity
occurring along the front-like features. Wind data
indicate the presence of a cyclonic circulation south
of San Diego along the Baja California coast. Cross
sections using VAS data suggest that barotropic and

baroclinic energy sources are present and suggest the

front-like nature of the cloud feature extending
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southward from the low pressure center. Additionally,
a second disturbance that eventually 1nteracted with
the monsoon boundary 1is briefly examined using

satellite imagery.
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CHAPTER 1
INTRODUCTION

During the early summer season, the southwestern
United States and northern Mexico are under the
influence of a hot, dry, continental tropical (cT) air
mass (Peterssen, 1956; Battan, 1984). However,
between latter June to early July, this region
experliences a change 1n air mass from cT to maritime
tropical (mT) and normally remains under its influence
through September. A dramatic increase in precipita-
tion occurs at Tucson due to the change in air mass;
Tucson averages 5.91 inches of rain from 1 July
through 30 September, while/averaging only 5.18 1inches
during the remainder of the year. This change 1in the
rainfall 1s typical of many Southwest stations; over
Arizona, more than 40 percent of annual rainfall
occurs during this same 3 month period (Jurwitz,
1953).

The change in air mass 1s due to a northward
shift of the axis of the surface subtropical ridge so
that 1t lies north of the region (Bryson and Lowry,

1955). 1In general, as the ridge shifts to the north,
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the prevailing winds change from westerly to
southeasterly across the southwestern United States.
This seasonal reversal of the wind flow satisfies the
standard definition of a monsoon circulation (Huschke,
1959) and, for over 30 years, this shift to south-
easterly flow has been termed the Arizona Monsoon.

The Arizona Monsoon 1s obviously important to
those people residing in the southwestern U.S. and
northern Mexico. However, in the rest of the country,
the concept of a monsoon in the southwestern United
States is not well known, even among the meteoro-
logical community. Research to date 1s descriptive in
nature and emphasizes the synoptic scale monsoon
circulation and sources of moisture assoclated with
the monsoon (Bryson and Lowry, 1955; Bryson, 1957;
Reitan, 1957; Brenner, 1973; Hales, 1974).

Bryson and Lowry (1955), Bryson and Hare (1974),
and Tang and Reiter (1984) describe the monsoon circu-
lation in some detail. At the surface during the
summer, the western United States and eastern Pacific
are dominated by a subtropical ridge. High pressure
centers are located over the eastern Pacific and
western Atlantic oceans, and the highs are split by

the continent. Over the eastern Pacific, the flow 1is
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generally northwesterly, while the flow over Mexico is
generally southeasterly. The alr mass over Mexico is
generally moist and the air mass over the adjacent
Pacific 1s generally dry above the boundary layer.
Thus, there must be a boundary separating themn.

Figure 1.1 shows mean surface streamlines for
August from Bryson and Hare (1974) and 1llustrates the
circulation about the subtropical highs and the
boundary that must exist between them. The data
presented herein suggest this boundary i1s further west
(off the Mexican coast) than indicated by Bryson and
Hare; however, the concept of a convergence zone 1is
clearly indicated. This boundary separating the two
alr masses 1is termed the Arizona monsoon boundary. In
this work, the structure and dynamics of the boundary
will be discussed and its similarities with mid-
latitude fronts will be demonstrated.

Figure 1.2 gives a graphical description of the
impact of both the monsoon and the passage of the
monsoon boundary on Tucson’s weather. The series of
dots below each dewpoint curve denote the occurrence
of precipitation at seven different stations spanning
the Tucson valley. If all seven are present on a

given day, then precipitation, nearly all of which
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Figure 1.2.

J . .mig"m'“']m;|[]:'|-,;‘||:"i!_;w1,~"| {1101 DA
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Morning (0700 LST) dewpoint (°F) at
Tucson, AZ for 1977-1984. The series of
dots below each dewpoint curve denote
occurrence of precipitation at seven
different stations spanning the Tucson
valley. Each vertical position refers to
a particular station.
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results from thunderstorms, 1is fairly widespread.

Note that there are often rapid transitions from dry
conditions in June to a rather uniformly wet air hass,
in which precipitation is frequent, in July through
September.

Some years, the transition occurs in stages,
while in others (e.g., 1983 and 1984) the transition
occurs within a day or two. This transition to wet
conditions represents the passage of the monsoon
boundary and, as shown later, the transition between
westerly and southeasterly winds above 750 mb.

Periods of drying after the initial transition to a
wet air mass are also evident in Figure 1.2 (see 19
July 1983). This drying is common and results from
the brief return of westerlies to Tucson, normally due
to the passage of strong short waves through the
ﬁorthern United States. The return of the moisture is
usually Just as abrupt as the initial onset,
suggesting that this boundary between moist and dry
alr remains quite sharp. A good example of this was
on 19 July 1983.

The structure of the monsoon boundary is not well
understood owing principally to a scarcity of

conventional data over the southwestern United States,
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northern Mexico, and the eastern Pacific. Although
sufficient for describing the synoptic scale monsoon
circulation, the radiosonde network is, by itself,
spatially too coarse to adequately describe 1ts
horizontal structure. However, using high resolution
fields of temperature, moisture, and wind derived from
satellite data (imagery and soundings), assimilated
with conventional data, a relatively complete
description of the structure and dynamics of the
monsoon boundary can be provided.

The purpose of this work, then, is two-fold: (a)
to describe the structure and dynamics of the Arizona
monsoon boundary and demonstrate its similarities with
mid-latitude fronts, using conventional and high
resolution satellite-derived data; and (b) to show
that disturbances along the boundary exist.

Chapter 2 discusses the non-conventional data
used to describe the structure and dynamics of the
monsoon boundary in subsequent chapters.

Chapter 3 describes the structure of the Arizona
monsoon boundary at Tucson in June 1984 through cross-
sectional analysis using Tucson radiosonde

observations (RAOBS) and satellite imagery.
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Chapter 4 describes the two-dimensional structure
of the monsoon boundary using a composite cross
section derived from a set of August 1985 cross
sections obtained from the Fleet Numerical
Oceanography Center (FNOC).

Chapter 5 discusses the structure of the monsoon
boundary determined through the use of high-resolution
temperature, moisture, and geopotential height data
obtained from the Visible and Infrared Spin Scan
Radiometer (VISSR) Atmopheric Sounder (VAS) on the
Geostationary Operational Environmental Satellite
(GOES). That structure is then compared to those
determined in Chapters 3 and 4.

Chapter 6 presents two examples of disturbances
associated with the monsoon boundary: (a) a wave
disturbance that appears to originate along the
monsoon boundary, which may be unstable with respect
to barotropic and baroclinic disturbances; and (b) an
apparent easterly wave that interacted with the
monsoon boundary.

Chapter 7 summarizes the major findings and

provides recommendations for future study.
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CHAPTER 2
NON-CONVENTIONAL DATA SOURCES

Due to the sparsity of data in the region of the
monsoon boundary, one must use "non-conventional" data
sources to better describe the two dimensional
structure of the boundary. "Non-conventional" means
data other than that derived from the surface or
rawinsonde network.

The non-conventional data came from four sources:
Man/computer Interactive Data Access System (McIDAS),
FNOC, Bureau of Land Management (BLM) lightning
detection network, and Detachment 13, 25th Weather
Squadron, Davis-Monthan Air Force Base, Arizona.
McIDAS provided high resolution fields of temperature,
moisture, and geopotential height using the VAS data,
as well as imagery from GOES. FNOC provided a set of
0000Z cross-sections through the monsoon boundary for
eleven days in August 1985. The BLM network provided
cloud-to~-ground lightning-strike data for Arizona, New
Mexico, and parts of northern Mexico during the
summers of 1984 and 1985. Det 13, 25WS provided GOES

data (visible, infrared, and 6.7 uym imagery) as well
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and augmented our conventional data set with RAOBS

for Tucson and selected Mexican stations.

2.1 MclDAS products

McIDAS, an interactive video display computer
system at the University of Wisconsin’s Space Science
and Engineering Center, permits rapid access to and
display of various types of meteorological data.
McIDAS not only provides real-time access to GOES
imagery, but also provides access to archived
satellite imagery, satellite soundings, surface
reports, and RAOBS. Suomi et. al. (1983) and Wash and
Whittaker (1980) give a more complete description of
McIDAS capabilities and applications.

2.1.1 VAS retrievals

The VAS dwell sounding (DS) mode produces the
radiance measurements necessary to construct profiles
of temperature and moisture in a cloud-free environ-
ment. Spatially, VAS temperature and moisture
soundings are available at a horizontal resolution of
20-75 km (Jedlovec, 1985). VAS retrievals are
possible every 30 minutes, although normally available

every 1-3 hours.
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The obvious strength of the satellite sounding
process 1s the substantially increased temporal and
spatial coverage of the atmosphere compared to
conventional observing networks. However, there are
several weaknesses that limit the utility of VAS
soundings: poor vertical resolution, cloud contami-
nation, and lack of consistent availability. The
broad weighting functions of the VAS channels give
poor vertical resolution; Jedlovec (1985) places that
resolution at approximately 200 mb. Clouds contami-
nate the soundings, so soundings must occur in a
cloud-free environment.

During the summer season, higher priority needs
of the National Severe Storms Forecast Center limited
VAS availability to roughly 1000Z to 1800Z on
convectively active days (Birkenheuer and Snook,
1985). Also, with the failure of GOES-5 in July 1984,
GOES-6 was the only VAS satellite available for fore-
casting support and research activity until the launch
of GOES-7 in February 1987. Despite these weaknesses
and the errors described below, VAS data are extremely

useful in depicting mesoscale horizontal structure of

the atmosphere.
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The most useful and detailed analysis of errors
inherent in VAS soundings are based on .data obtained
from the 1982 AVE/VAS Ground Truth Field Experiment.
During the experiment, three-hourly rawinsonde
measurements were made over a reglonal mesoscale
network concurrently with VAS DS mode measurements
(Hill and Turner, 1983). Jedlovec (1985) and Fuelberg
and Meyer (1986) evaluated the accuracy and represen-
tativeness of VAS data from different retrieval
algorithms using the satellite and rawinsonde data
from this experiment.

Jedlovec (1985) concluded that gradients of basic
and derived (precipitable water and thickness)
parameters show good horizontal structure and
resemblance to actual gradients. Thus, gradient
information can be used to infer mesoscale structure.
In fact, Jedlovec (1985) and Hayden and Schreiner
(1984) strongly recommend that gradient patterns
derived by satellite retrievals be used. Fuelberg and
Meyer (1986) reported that the mesoscale gradient
information from VAS shows a slight reduction in
magnitude compared to gradient information obtained
from the Ground Truth Field Experiment. This

reduction is probably due to the sampling difference
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between the two methods; VAS provides a volumetric

sampling of the atmosphere while radiosondes provide

point measurements.

2.1.2 VAS derived winds

Geostrophically derived winds from VAS retrievals
contain errors that rendered them unusable for this
work. Table 2.1 shows a comparison of VAS derived
data on 22 July 1984 (the data that will be described
in Chapter 5) with the Tucson RAOBS. Note that the
wind direction differences at some levels approach
180°. Similar errors were found when different VAS
data were compared with RAOBS from other stations.

On the other hand, temperature and humidity values
compare well (temperature better than humidity,
although there are differences).

Figure 2.1 1s a graphical wind error analysis of
the data for 1418Z 2 July 1984 that will be described
in Chapter 6. The figure compares radiosonde measured
winds for three stations (Tucson, San Diego, and
Guaymas) to geostrophically derived winds from the VAS
retrievals closest to the stations. The retrievals
are within 60 km of the stations; the radiosonde data
preceeds the VAS data by over 2 hours. The error

vectors for each comparison are significant and fairly
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TABLE 2.1. VAS Retrieval/RAOB Comparisons
VAS Data, 1648Z 22 July 1985

P(mb) T(°C) W(g-kg-1) Z(m) Wind
Dir/Speed
(deg/m-s-1)

Surface 27 13.1

850 22 9.4 1516 120/02

700 9 1.8 3160 140/03

500 -8 2.9 5862 160/06

400 -17 0.2 7567 170/07

300 -32 - 9660 190/06

200 -53 - 12321 200/06

Tucson RAOB, 1200Z 22 July 1985

P(mb) T(°C) W(g-kg-1) Z(m) Wind
Dir/Speed
(deg/m-s-1
Surface 24 14.1 170/03
850 22 11.0 1510 250/02
700 10 8.5 3170 340/04
500 -7 3.7 5870 030/01
400 -16 0.2 7580 310/02
300 -32 - 9690 300/04
200 -54 - 12410 330/09

)
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constant, both in height and between comparisons. For
the most part, the error vectors are easterly in
direction. The mean speed errors and standard
deviations for the three stations in Figure 2.1 range
from 5.2-9.3 m-s-1 and 2.4-4.4 m-s-1, respectively.
There are probably two main sources for the
errors 1in VAS.derived winds. First, as Jedlovec
(1985) points out, some VAS mesoscale gradients do not
parallel those of the radiosonde network. An error in
the orientation of the geopotential ﬁeight gradient
leads, of course, directly to errors 1in the
geostrophically derived winds. The error in
orientation could be due to an error in the first
guess field. The result of the VAS retrieval scheme,
achieved by perturbing the first guess, 1s not
independent of the first guess; in fact, the better
the first guess, the better the retrieval. Second,
with differences in surface elevation, errors may by
introduced at the surface and propagéte upward through
the retrieval. Whatever the cause, the error in VAS
geostrophically derived winds appear substantilal

enough to preclude their use in this study.
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2.1.3 Cloud track winds

Mosher (1978) and Menzel et; al. (1983) describe
methods to obtain winds from cloud motions on GOES
images. One loads three consecutive half-hourly
visible images in McIDAS and follows the changes in
locatién of identifiable cloud elements in time,
elther by a direct operator controlled tracking or by
a cross-correlation method that matches small patterns
in the successive images. The three images yield two
estimates of the wind which are compared and rejected
if they differ by a set threshhold.

Wilson and Houghton (1979) estimate the standard
error of the difference in cloud drift wind and RAOB
wind reports at 4.7 m-s-1, One substantial weakness
of cloud drift winds 1s the lack of uniform coverage
at any one altitude. When a fairly uniform cloud
layer is present (i1.e., stratiform deck), inidividual
cloud elements are hard to distinguish. Cloud track
winds are also prone to directional errors i1f cloud
elements are not tracked carefully among the three
images. This error can be minimized by comparing the
two wind estimates and rejecting the estimates 1f the
wind direction differs by more than a set threshhold.

Lastly, the clouds may not move with the wind (1i.e.,
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clouds "stuck" to a mountain). Cloud track winds are
used in the Chapter 6 case study.

Stewart et. al. (1985) describe how to produce
water vapor drift winds using hourly water vapor
imagery. Water vapor drift winds give uniform
horizontal coverage of mid-level wind flow (normally
about 400 mb) at the synoptic scale. The
"trackability" of water vapor inhomogeneities is much
more difficult than cloud elements; many of these
features are indistinguishable through the required
sequence of images. The vector difference between
water vapor winds and conventionally measured winds 1is
about 8 m-s~1l. Since the vector difference for water
vapor winds is almost as large as the wind maximum in
the monsoon circulation, these winds are not used in

this study.

w:

2.1.4 VAS/cloud track wind assimilation
Simultaneously using VAS retrieval and cloud
track winds to examine the structure of the boundary
poses a problem. Cloud track winds are only available
where clouds are present and VAS inversions are only
avallable where there are no clouds. However, a good
mix is normally possible during summer mornings (1000-

1800Z) before cloud cover builds extensively. Using
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morning cases also increases the probability of VAS

retrieval availability, as mentioned previously.

2.1.5 VAS gradient field analysis technique

For each VAS retrieval area, McIDAS allows one to
generate flelds of certalin meteorological parameters
at mandatory pressure levels. For this study, fields
of temperature, mixing ratio, and geopotential height
at the mandatory pressure levels from the surface to
200 mb (400 mb for mixing ratio) were used. To use
the strength of the retrievals (horizontal gradient
fields), cross sections were constructed through the
retrieval area, parameters averaged at each pressure

level, and the deviations from average calculated at

those levels.

2.2 FNOC cross sections

FNOC provided a set of 0000Z cross sections for
eleven days 1in August 1985. These were taken from
their global analyses, which include satellite and
conventional data. Furthermore, forecasts are used as
a first guess in data sparse regions. The first guess
will at least contain fields that result from the
large scale forcing present in the model. Thus, the

synoptic scale subtropical highs are depicted quite
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well. Small scale disturbances, on the otherhand, may
be poorly resolved in the data poor areas.

The monsoon boundary, which is just the boundary
between the subtropical highs, may be sufficiently
resolved to obtain at least a mean depiction of its
structure. These cross sections provide the basis for
examining the monsoon dynamics in Chapter 4. They

represent as good a data set as 1s currently possible

in this area.

2.3 Lightning-strike data

The BLM provided available cloud-to-ground
lightning-strike data for the summers of 1984 and
1985. The data can be displayed on user-defined maps
and 1s avallable for the western United States. Reap
(1986) points out the importance of lightning strike
data in locating convective activity not seen by radar
in the mountainous terrain of the desert Southwest.
For the summers of 1983 and 1984, 41 percent of the
over 2 million lightning strikes occurred when no
radar echoes were reported and 87 percent of the
strikes occurred with radar intensity levels below the
threshhold normally used for delineating thunderstorms

in the eastern United States. These data are used in

R —
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conjunction with satellite imagery to help locate
thunderstorms.

Krider et. al. (1980) give error énd efficiency
estimates for the cloud-to-ground lightning strikes
detected by the BLM network. Less than 2 percent of
cloud-to-ground flashes are falsely accepted and 98
percent of atmospheric noise 1s rejected. No direct
measurements of detection efficlency are avallable for
the BLM network. However, individual direction
finders have efficiency estimates of 80-90 percent for
ranges less than 400 km for Arizona locations. Reap
(198«) estimates the BLM network efficiency to be 50-

70 percent and states that the estimate 1s probably

conservative.
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CHAPTER 3
THE MONSOON BOUNDARY AT TUCSON, JUNE 1984

The Phoenix Weather Service Office (WSO) defines
the onset of the Arizona Monsoon for Phoenix as the
first day of three consecutive days during which the
dally average surface dewpolnt temperature equals or
exceeds 55°F. Table 3.1 displays the monsoon onset
dates at Tucson for 1966-1985 using the Phoenix WSO
definition. Another coarse definition of monsoon
onset, suggested by Figure 1.2, is the beginning of
nearly continuous high surface dewpoint with
coincident periods of precipitation. Using the latter
definition, the onset dates for 1983 and 1984 were 7
July and 25 June, respectively. Those dates exactly
match the Phoenix WSO onset dates for 1983 and 1984
listed in Table 3.1. The onset dates listed in Table
3.1 are often a day late when the boundary passes
through Tucson late in the day, since those dates rely

on a daily average dewpoint.
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TABLE 3.1. Monsoon Onset Dates

Year Date
1966 June 28
'1967 June 18
1968 July 4
1969 July 8
1970 July 18
1971 July 3
1972 July 13
1973 July 4
1974 July 1
1975 July 2
1976 June 29
1977 July 2
1978 July 8
1979 July 16
1980 July 12
1981 June 27
1982 July 6
1983 July 7
1984 June 25

1985 July 14
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3.1 Mean soundings

To characterize the ailr mass change that occurs
with the passage of the boundary, one week of Tucson
RAOBS were averaged both prior to and after the
transition to moist conditions at Tucson on 24 June
1984 (this will also be called the onset of the
monsoon in 1984). Morning and afternoon soundings
were averaged separately to remove the strong diurnal
variation in temperatures in the lower troposphere
that 1s characteristic of the desert Southwest.

Figure 3.1 shows the two average soundings. Two
features are immediately obvious. First, there 1s a
distinct air mass change, evidenced by a substantial
increase in vertical moisture distribution after the
onset for both morning and afternoon soundings.
Second, there i1s a change in the vertical temperature
distribution. Both soundings show a change to a more

moist adiabatic lapse rate.

3.2 Time-height cross section

A time-height cross section of four parameters
was constructed for Tucson for the period 15 May - 22
October 1984. Figure 3.2 displays a portion of the
cross-section through the time of the monsoon onset.

Each panel from Figure 3.2 1is described below.
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3.2.1 Temperature deviation from average

Daily absolute temperature changes during the
summer are relatively small. Therefore, to more
readily depict temperature changes resulting from the
passage of the boundary, temperature deviations from a
time average at the various levels were calculated.
Morning and afternoon soundings were averaged and the
deviations calculated separately to eliminate the
strong diurnal variations in lower levels. The
maximum deviation above the surface layer 1s 8°C;
for the most part, though, deviations are 4°C
or less.

The temperature deviations clearly show the air
mass change taking place at monsoon onset (on 24
June). The more unstable lapse rates dominant prior
to onset clearly stand out in Figure 3.2a, with warmer
lower tropospheric temperatures and cooler upper
tropospheric temperatures. After monsoon onset, the
temperature anomalles are more uniform throughout the
depth of the troposphere, as compared to the period
before the onset.

This i1llustrates the difference in lapse rates
between the air masses on either side of the boundary.

The alternating warm and cold anomalies that occur
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after the onset may represent the passage of
disturbances that are part of the monsoon circulation.
Further discussion of some of these disturbances
(beyond those described in Chapter 6) will be provided

in future work.

3.2.2 Mixing ratio

Figure 3.2b shows the time-height cross section
of mixing ratio for the same period as Figure 3.2a.
The units are g-kg-1 and the shaded area denotes
mixing ratio values greater than 8 g-kg'l. Prior to
onset, the atmosphere 1s well mixed, with mixing
ratios near the surface generally below 4 g-kg-l. On
24 June there 1is a rapid transition to much more humid
conditions, with surface mixing ratios rising above 10
g-kg-1 in less than twelve hours and mixing ratios
above 8 g-kg-l extending above 700 mb. After the
onset of the monsoon on 24 Juné, mixing ratios above

12 g-kg-1 near the surface were common and high values

of mixing ratio extended above 700 mb.

3.2.3 Wind velocity
Figure 3.2c shows the time-height cross section
of wind velocity. Prior to onset of the monsoon, the

winds were generally out of the southwest above 750

-
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mb. On 24 June, the day the moisture increased
abruptly, winds switched from northwest or westerly to
south or southeasterly within the interval between the
soundings. After 23 June, winds above 700 mb were
generally from the east or southeast. The deep layer
of southeasterly flow is typical of the flow during
the summer monsoon period in Tucson. Note that, after
the onset, there were several periods where winds with
light westerly components are evident. These periods
represent the passages of weak disturbances assoclated

with the monsoon circulation that were noted earlier.

3.2.4 Surface pressure

Figure 3.2d shows the surface pressure during the
same times as the cross sections. Here, the diurnal
variation has been removed by computing the diurnal
and semi-diurnal Fourier componecnts from June through
August 1984 and then subtracting the resulting series
from the full time serles of pressure.

Note that there 1is a distinct minimum in the
pressure about one day before the passage of the
boundary on 24 June. Thus, the boundary appears to
lie more or less in a trough of low pressure, although
the trough clearly precedes the distinct moisture

change. This same relation between the pressure and




45

the moisture gradient 1s evident in the case study
discussed in Chapter 5. The troughs and ridges that
passed through Tucson after the 24th are associated

with the disturbances noted earlier.

3:2.5 Summary

From Figure 3.2, it is evident that the passage
of the monsoon boundary over a particular station,
such as Tucson, results in a transition to an air mass
that is significantly warmer above 700 mb and much
moister through all levels in the lower troposphere.
Furthermore, cooler conditions near the surface and
warmer aloft imply that the molist air mass 1s closer
to moist adiabatic (Figure 3.1) than the dry air mass
preceding the passage of the boundary. Due to the
increase in low level moisture, this suggests an alir
mass in which moist convection is more prevalent (see
Figure 1.2).

As the boundary passes, there 1; a dramatic
change in wind direction from southwest to southeast.
The transition between the air masses i1s quite sharp,
with most of the gradients passing between the
radiosonde ascents, or in about 12 hours. In some
respects, the passage of the monsoon boundary through

Tucson in 1984 was like the passage of a front in
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middle latitudes, 1.e., there was a distinct and

relatively sharp air mass change.

3.3 GOES 1imagery

Figure 3.3 illustrates what the monsoon boundary
looks like in the 6.7 pym GOES imagery. This figure
is from 17 June 1984 or about one week prior to the
passage of the boundary through Tucson. Light areas
on these images represent relatively moist conditions
in the middle troposphere (400 mb) while dark regions
represent drier conditions. The whitest regions are
clouds.

On 17 June, there was a distinct line in western
New Mexico separating a light, moist region over New
Mexico from a dark, dry region over Arizona. Note from
Figure 3.2 that Tucson, at this time, was dry at all
levels. Such a line is seen frequently in the 6.7
um imagery in the summer, which suggests that it is
a good representation of the location of the monsoon
boundary. More discussion of these images and thelir

relevance to the monsoon boundary will be presented 1in

later sections.
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CHAPTER 4
TWO-DIMENSIONAL STRUCTURE OF THE MONSOON BOUNDARY

During August 1985, the monsoon boundary was
readily evident 1n a sequence of 6.7 um images as a
nearly straight, abrupt boundary separating dry and
moist air masses. Figure 4.1 is a 6.7 um image of the
boundary at 2330Z 1 August 1985, which 1is oriented
from north-northeast to south-southwest through
central Arizona and northwestern Mexico. Throughout
August 1985, the boundary generally maintained this
orientation, although it did oscillate longitudinally.
The boundary was examined using 0000Z FNOC cross
sections for eleven days in August 1985. All cross
sections are more or less perpendicular to the
boundary and run from west-northwest of San Diego CA,
across northern Mexlico, to the western Gulf of Mexico
(see F'gure 4.2 for coordinates).

Figure 4.2 shows one such cross-section for 2
August 1985; the location of the boundary is roughly
at center and delineated by winds with a westerly

component to the west and an easterly component to the
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'east. This cross section was taken at the same time
as the image shown in Figure 4.1.

Several features are apparent in Figure 4.2.
There 1s a deep layer of moisture (surface to 400 mb)
Just to the east of the boundary, with a rapid
transition to much drier air toward the west at all
levels except the surface. The edge of the moisture
at 400 mb in the cross section compares well with the
line separating light from dark in Figure 4.1.

The northwest flow in the lower troposphere over
the Pacific and southeast flow over Mexico below 400
mb are consistent with the synoptic scale monsoon
circulation described in the Introduction. The
strongest winds in the cross section up through 300 mb
are only 25 knots and occur about 600 km west of the
boundary.

Pronounced deformation in the wind field is
suggested near the boundary. The northwest flow to
the west of the boundary and southeast to the east
indicate confluence toward the boundary. If one
assumes these winds are geostrophic, then strong
horizontal deformation with the axis of dilatation
along the boundary is implied. This deformation flow

apparently maintains the sharp moisture contrast
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across the boundary and forces the ageostrophic
circulation shown in Figure 4.2b and described 1in
Section 4.2. It will be shown later that confluence
forces the temperature gradients that are colocated

with the molisture gradients.

4.1 Composite cross section of the boundary

A composite description of the boundary was
generated to show that a particular cross section is
not unique and to produce a mean depiction of the
boundary. Although compositing the cross sections
smooths the gradients, the resulting wind and
temperature fields show significant detail.

For each of the eleven cross sections, the
horizontal winds were converted to components u and v,
parallel (positive into the cross section) and
perpendicular (positive toward the left) to the
boundary, respectively. Since the cross sections were
essentially perpendicular to the boundary, then u is
along the boundary and v is across the boundary.

The zero v isotach, which was nearly vertical,
was then used to define the location of the boundary.
One cross section, in which the zero v isotach was
near the center, was used as a base for the composite

grid; each of the remaining cross sections was
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overlaid on the base and shifted in the cross-boundary
direction until the zero v 1sotachs more or less
matched. After all the cross sections.were overlaid,
the data were summed to produce the composite cross
section. Thus, the composite boundary 1s at center of
the composite cross sectlion, by definition.

Table 4.1 shows the number of data 1nputs at each
grid point of the composite cross section. The
internal 12 of 18 total grid poiﬁts include data from
at least half the cross sections and the middle third
of the grid points contain data from all 11 individual
cross sections.

Figure 4.3 shows the composite cross sections.
The across boundary winds (v) in Figure 4.3b show flow
toward the boundary from both east and west.
Furthermore, the vertical gradients of this component,
especlially near the boundary are relatively weak,
suggesting very weak along boundary temperature
gradients. As pointed out earlier, if one assumes the
across-boundary flow in Figure 4.3b 1is geostrophic,
then strong horizontal deformation with the axis of
dilatation along the boundary axis (here, the zero v

isotach) 1s suggested.
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Data Input at Composite Boundary Grid

Points

TABLE 4.1.

Grid Point Numbers

9 10 11 12 13 14 15 16 17 18

7 8

6

X X X X X X X X X X X X

X X X X X X X X X X X X

X X X X X X X X X X X X

X X X X X X X X X X X X

X X X X X X X X X X X X

X X X X X X X X X X X X

X X X X X X X X X X X X

X X X X X X X X X X X X

X X X X X X X X X X X X

X X X X X X X X X X X X

X X X X X X X X X X X X

6 8 10 11 11 11 11 11 11 10 9 &

5

Number of Data at Each Grid Point
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Figure 4.3c¢c shows the temperature deviation from
a horizontal average. This figure clearly
demonstrates that tropospheric temperatures above 700
mb are warmer to the east of the monsoon boundary.
Temperature gradients approach 0.3°C/100 km, which can
be compared with mid-latitude fronts, where the
overall temperature gradients may approach 1°C/100 km
(locally, especially at the earth’s surface, they may
be much higher). Note that the very large gradients
at the surface represent the contrast between the land
(Mexico) and the adjacent cool Pacific.

Above 200 mb, the temperature distribution 1is
reversed, with colder temperatures to the east of the
boundary and warmer temperatures to the west. This
represents temperatures at the base of the
stratosphere, which in summer in this area 1is
generally around 100 mb. The cold temperatures at 100
mb east of the boundary thus indicate a high
tropopause, while the warm temperatures to the west
indicate a low tropopause and a correspondingly warmer
and lower stratosphere. The monsoon boundary,
therefore, 1is also a zone separating a region with a

deep troposphere from one with a relatively shallow

troposphere.
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Figure 4.3c suggests that the bulk of the
temperature gradient in the lower troposphere lies to
the cold side of the boundary, which was defined as
the poi